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Turbulence modelsAbstract Three-dimensional corner separation is a common phenomenon that significantly affects
compressor performance. Turbulence model is still a weakness for RANS method on predicting
corner separation flow accurately. In the present study, numerical study of corner separation in a
linear highly loaded prescribed velocity distribution (PVD) compressor cascade has been
investigated using seven frequently used turbulence models. The seven turbulence models include
Spalart–Allmaras model, standard k–e model, realizable k–e model, standard k–x model, shear
stress transport k–x model, v2–f model and Reynolds stress model. The results of these turbulence
models have been compared and analyzed in detail with available experimental data. It is found the
standard k–e model, realizable k–e model, v2–f model and Reynolds stress model can provide
reasonable results for predicting three dimensional corner separation in the compressor cascade.
The Spalart–Allmaras model, standard k–x model and shear stress transport k–x model overesti-
mate corner separation region at incidence of 0. The turbulence characteristics are discussed and
turbulence anisotropy is observed to be stronger in the corner separating region.
 2016 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and
Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Three-dimensional (3D) corner separation in compressor cas-
cade has been considered as an inherent flow phenomenon in
compressor cascade.1 It has great impact on compressor
performance, such as higher total pressure loss, static pressure
rising limitation, compressor efficiency reduction, passage
blockage, and stall and surge especially for highly loaded
compressor.2 Many efforts have been made on studying the
corner separation by experimental investigations3–5 and
numerical simulations6,7 under various conditions over the
past few years. Several flow controlling techniques have been
640 Y. Liu et al.utilized to improve compressor performance recently.8–11 The
basic structures and characteristics of 3D corner separation
are well-summarized12, thus their primary effects on compres-
sor performance have been considered in designing process
and have improved compressor performance greatly. In com-
pressor routine design, the corner separation should be accu-
rately predicted by employing computational fluid dynamics
(CFD).
The CFD technique has been widely used and has played an
increasingly important role in the aerodynamic design routine
of compressor. The Reynolds-averaged Navier–Stokes equa-
tions (RANS) method is still the most widely used approach
in industrial CFD due to the computational cost and design
schedule, though direct numerical simulation (DNS), large
eddy simulation (LES) and hybrid LES/RANS (such as
detached eddy simulation (DES)13, scale adaptive simulation
(SAS)14) have been used to investigate flow mechanisms in rel-
ative low Reynolds number with simple boundary.15–18
According to Spalart19,20, while it has been assumed that lim-
itless increases in computing power will someday remove the
need for turbulence modeling, the estimates for this milestone
have been close to the year 2080, which is a long time away.
Turbulence model is one of the key elements and is cur-
rently a weakness for RANS approach. Far less precision
has been achieved in turbulence modeling since a mathematical
model has been created to approximate the complicated phys-
ical behavior of turbulent flows. It is generally acknowledged
not any turbulence model is suitable for all kinds of complex
flow problems.21 Hence, the performance of various widely
used turbulence models should be assessed for a certain kind
flow and then be improved.22–27 Then we could build up the
scope of application for various turbulence models.
The next high-power-density generation aeroengines must
be supported by more advanced compressors in the future
and this requires that the RANS method applied in designing
process can predict main flow structures in compressor cascade
to decrease designing risk as much as possible. It is very practi-
cal and critical to simulate the corner separation accurately by
using RANS approach. However, it is a big challenge for
RANS method to precisely predict such complicated turbulent
flow field, because the 3D corner separation contains complex
vortices and large separation in cascade corner region.28
In this paper, seven turbulence models which are frequently
applied in engineering have been used in the detailed numerical
investigations using software FLUENT for a linear highly
loaded compressor cascade experimentally studied by Gba-
debo et al.29 In order to minimize grid impacts on numerical
results, great efforts for the grid generation have been made till
grid independence was obtained. The numerical results of
seven turbulence models have been compared with experimen-
tal data carefully. The turbulence characteristics are discussed
for analyzing the mechanisms for discrepancies. This study
provides a worthy reference for using turbulence models prop-
erly and helps designers understand numerical results further.
It provides valuable reference on modifying turbulence models
for 3D corner separation.
2. Numerical method
In this study, the same numerical platform and grid have been
used to minimize other factors’ effects on numerical resultswhen assessing different turbulence models. The commercial
flow solver package FLUENT30 is applied to conduct numer-
ical simulation in the cascade.
2.1. Governing equations and turbulence models
The governing equations of steady RANS method for incom-
pressible fluid field are as follows:
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where q is density of the fluid, p is pressure of the fluid, ui is a
mean component of velocity in the direction xi. t is kinematic
viscosity. The additional fluctuation quantities u0iu
0
j are
unknown Reynolds-stress tensors, while u0i represents the
velocity fluctuation in i-direction, the bar above represents
the time-averaged result of the invariant.
In the momentum equation, the Reynolds stress tensors u0iu
0
j
are unknown which makes this equation unclosed. The Rey-
nolds stress tensors are modeled by turbulence model. Turbu-
lence models utilized in the study except for the Reynolds
stress model are based on the Boussinesq hypothesis, which
is expressed as follows:
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where lt is turbulent viscosity, dij is Kronecker delta function
(dij = 1 if i= j and dij = 0 if i– j), k is the turbulent kinetic
energy. The repeated index implies summation from 1 to 3.
Sij is the mean strain-rate tensor which is calculated as
Sij ¼ 1
2
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Turbulent viscosity lt are modeled by various turbulence
models. The transport equations are different from one turbu-
lence model to another, so the turbulence viscosity is quite dif-
ferent which leads to discrepancies on the results of
complicated turbulent flow field.
(1) Spalart–Allmaras model (SA)
As a simple one-equation model, the SA model solves a
transport equation for the kinematic eddy viscosity. It
has been proposed and developed by Spalart and All-
maras31,32 since 1992. The transportation equation of
this model in FLUENT is as follows:
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where t denotes time, ~t is modified eddy viscosity, which
is the working variable calculated in Eq. (5), l is the
molecular viscosity, t is kinematic eddy viscosity and d
denotes the distance from the field point to the nearest
wall. cb1, cb2, r~t, ct1, cw1, cw2, cw3, and j are constant
coefficients. Their values are:8
cb1 ¼ 0:1355; cb2 ¼ 0:622
r~t ¼ 2=3; ct1 ¼ 7:1
cw1 ¼ cb1=j2 þ ð1þ cb2Þ=r~t
cw2 ¼ 0:3; cw3 ¼ 2:0; j ¼ 0:41
>><
>>: ð8Þ(2) Standard k–e model (SKE)
The SKE model was developed by assuming the flow is
fully turbulent without consideration of molecular vis-
cosity effects33,34. This model requires an additional
model, which includes impacts of molecular viscosity
for near wall regions. The transportation equations of
this model in FLUENT are as follows:k-equation:  
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The turbulent viscosity lt is computed as
2lt ¼ qclfl
k
e
ð11Þ
where e is dissipation rate. S ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2SijSijp . Sij refers to
Eq. (4). fl is wall damping Function, which is defined
as: fl= exp[3.4/(1 + 0.02Ret)2], where Ret = qk2/(le).
The values of related parameters are8
cl ¼ 0:09; ce1 ¼ 1:44
ce2 ¼ 1:92; rk ¼ 1:0
re ¼ 1:3
><
>: ð12Þ(3) Realizable k–e model (RKE)
The RKEmodel has been developed from SKE and satis-
fies mathematical constraints on Reynolds stress.35 The
RKE model can provide accurate predictions on flows
that involve rotation, boundary layers under strong
adverse pressure gradients, separation and recirculation.
The transportation equations of this model in FLUENT
are as follows:k-equation:
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The constants (rk, re) have the same values as for stan-
dard k–e model. The parameter cl can be referred from
User’s Guide in FLUENT.30(4) Standard k–x model (SKW)
The SKW model contains two transport equations
which correspond to turbulence kinetic energy and
specific dissipation rate.36 The transportation equations
of this model in FLUENT are as follows:k-equation: 
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The turbulent viscosity is computed aslt ¼ a
qk
x
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where x is specific dissipation rate. The related constant
parameters are:a ¼ 1:0; a ¼ 0:52
b ¼ 9=100; b ¼ 0:0072

ð19Þ(5) Shear stress transport k–x model (SST)
Menter37 developed SST model, which calculates turbu-
lent flow field with SKW model in the near wall region
and switches to SKE model in the far field. Blending
functions are used in this model. The transportation
equations of this model in FLUENT are as follows:k-
equation:   
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The turbulent viscosity is computed aslt ¼
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642 Y. Liu et al.where ~Gk ¼ minðltS2; 10qbkxÞ. The constant parame-
ter a1 = 0.31, the other constants (a*, a, b*, b) have
the same values as for standard k–x model. The com-
plex blending functions F1, F2 and related parameters
rk, rx, rx,2 can be referred from User’s Guide in
FLUENT.30(6) v2–f model (V2F)
Durbin38 proposed v2–f model which requires solutions
of three transport equations and one elliptic equation.
This four-equation model based on transport equations
for the turbulence kinetic energy (k), dissipation rate
(e), a velocity variance scale (v2), and an elliptic relaxation
function (f). The v2–f model is a low-Reynolds-number
turbulence model which uses velocity scale (v2) instead
of turbulent kinetic energy to evaluate turbulent viscos-
ity.39,40 The equations for turbulent kinetic energy and
the dissipation rate are the same as those of the standard
k–emodel, while the equations for v2 and f can be written
as follows:The v2-equation:   
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The turbulent viscosity is computed as:lt ¼ qclv2T ð27Þ
Here rk = 1.0 cl= 0.22(7) Reynolds stress model (RSM)
The RSM model41,42 contains seven transportation
equations which close RANS momentum equations by
solving Reynolds stresses directly and combine with an
equation for dissipation rate. The RSM is seldom
selected in simulating complicated engineering applica-
tions because the robustness and computational cost of
the RSM are noticeably inferior to eddy-viscosity mod-
els.43 The transport equations without the effects of
buoyancy are shown asTable 1 Geometric parameters of cascade.
Profile Value
c (mm) 151.5
s/c 0.926
h/c 1.32
t/c 0.1
Camber angle () 42.0
Stagger angle () 15.0@
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and the rapid pressure-strain term /ij,2 is defined as
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where P= 0.5Pkk, C= 0.5Ckk, the repeated index implies
summation from 1 to 3.
The dissipation tensor DSij is defined as
DSij ¼ 2
3
dijqe ð33Þ
The equation for dissipation rateeis the same as that of the
standard k–e model.
2.2. Linear compressor cascade
One prescribed velocity distribution (PVD) high-load linear
compressor cascade, which was experimentally investigated
at Cambridge University29,44–46, is used as a computational
case in the current study. In our previous studies9,10, flow con-
trol and flow mechanisms for corner separation were con-
ducted in the same cascade. The parameters of this cascade
are summarized in Table 1, where c is the chord length, s is
the pitchwise distance, h is the height of blade and t is the max-
imum blade thickness.
In this study, one-blade passage is used to conduct the
numerical simulation. Two sides of the flow passage are set
as periodic boundary conditions. Because of no tip clearance
in the cascade, the computational domain is cut to half span
and the passage top surface is set as symmetric condition in
order to reduce computation quantity.
The grid topology is O4H and the point distribution is
shown in Fig. 1(a). Hexahedral structural meshes are generated
by software NUMECA, AutoGrid5TM, as shown in Fig. 1(b).
The y+ of first grid adjacent to the wall is approximate 1.0.
Series cases with different grid numbers and grid distributions
have been tested to examine the grid independence of the
Fig. 1 Grids of PVD cascade.
Numerical study of corner separation in a linear compressor cascade using various turbulence models 643solution. Finally, the case with 3 million grids is selected for
the calculation and applied for different turbulence models.
Enhanced wall treatment30 is applied to simulating the tur-
bulent flow for the SKE, RKE and RSM in the near-wall
region. In current studies, the enhanced wall treatment can
possess the accuracy of the standard two-layer model in the
near-wall region because of the fine near-wall meshes used in
the simulations.
2.3. Numerical scheme and boundary conditions
The second-order upwind scheme is used for the convection
terms and the viscous terms of each governing equation to
minimize the numerical diffusion. Other numerical schemes
can be described in detail in the FLUENT User’s Guide.30
According to the experiment, the velocity of the main flow
(U1) is 23.0 m/s, U is the local velocity at inlet. The profile of
boundary layer at inlet is shown in Fig. 2. The turbulentFig. 2 Velocity profile at inlet.intensity is 1.5% at inlet. Moreover, all the solid walls are set
as non-slip conditions.
2.4. Definitions of flow field parameters
Several important performance parameters in compressor cas-
cade are defined as follows. The static pressure coefficient is
defined as
Cp ¼ ðp p1Þ
1
2
qU21
 
ð34Þ
Another important parameter is total pressure loss which is
defined as
Yp ¼ ðp01  p0Þ
1
2
qU21
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ð35Þ
where the reference total pressure (p01) was measured in the
inlet free stream with a side wall static pressure (p1) at similar
location where the inlet velocity profile was measured. p0 is
total pressure at the local point.
The relative displacement thickness29 can represent the
thickness of 3D separating layer, which is defined as
R ¼ ðdðrÞ  dmidspanÞ=c ð36Þ
where dmidspan is the displacement thickness at midspan and the
definition of displacement thickness is
dðrÞ ¼
Z d
0
1 qUðr; sÞ
q1U1
 
ds ð37Þ
where d is boundary layer thickness, r is radial distance, q1 is
the density at inlet. U(r, s) is the local velocity.
3. Results and discussion
3.1. Validations of different turbulence models
The streamlines on the endwall shown in Fig. 3 can represent
the corner separation scale in PVD cascade using different
turbulence models. Compared with oil flow visualization in
experiment, the corner separating scales from RSM, SKE,
RKE and V2F models show good agreement with experiment
and no reverse flow is observed on the endwall. The separating
scales are obviously large in the results of SA, SKW and SST
models and reverse flow appears on the endwall, which indi-
cates that corner stall happens in the cascade. The low-speed
area besides the rear part of blade suction surface can also
reflect the corner separation scale. From the contour of veloc-
ity magnitude shown in Fig. 4, the low-speed areas in RSM,
SKE, RKE and V2F models are obviously smaller than the
results of SA, SKW and SST models at 0 incidence.
Fig. 5 shows the static pressure coefficient (Cp) at mid-span
region (54% span) and hub region (89% span) using seven
RANS turbulence models at incidences of 7 and 0 respec-
tively. Fig. 5(a) and (b) indicate that all turbulence models,
except the SKW model, provide reasonable results at the inci-
dence of 7 at the mid-span region and hub region respec-
tively. Cp in the SKW model exhibits a slight discrepancy at
the hub region (89% span). Given that the cascade works at
the negative incidence, 3D corner separation is determined to
be small. In this condition, these commonly-used turbulence
Fig. 3 Streamlines on endwall at 0 incidence.
Fig. 4 Contour of velocity magnitude in cascade at 0 incidence.
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Numerical study of corner separation in a linear compressor cascade using various turbulence models 645models can provide reasonable results. Fig. 5(c) reveals that
the RANS methods provide reasonable predictions at the
blade mid-span region at the incidence of 0 because cornerFig. 5 Static pressure coef
Fig. 6 Contour of total presseparation is small. However, the discrepancy becomes signif-
icant at the hub region. The lines of SA, SKW and SST model
become flat behind 40% chord as shown in Fig. 5(d), whichficient on blade surface.
sure loss at 7 incidence.
646 Y. Liu et al.indicates that these models predict earlier boundary separation
and larger corner separation in the cascade than other models.
Fig. 6 illustrates total pressure loss contour coefficient at
7 incidence. The total pressure loss in corner region is
high-loss area in compressor cascade, which is called ‘‘loss core
area” in this paper. The boundary layer thickness and the wakeFig. 7 Contour of total pre
Fig. 8 Pitchwise mass-aver
Fig. 9 Outflfrom the results of the seven turbulence models are not as thick
as those in the experiment. The loss core areas in the results of
SA, V2F, SKE, RKE, SST, and RSM models are similar to
those in the experiment, whereas the loss core area in SKW
model is obviously larger than the other models. This finding
indicates larger corner separation in the SKW model whichssure loss at 0 incidence.
aged total pressure loss.
ow angle.
Numerical study of corner separation in a linear compressor cascade using various turbulence models 647matches to the results of the pressure coefficient in Fig. 5(b).
When the incidence reaches at 0, the results of SKE, RKE,
V2F and RSM agree better with measurement, while the
results of SA, SKW and SST model predict unreasonably lar-
ger loss core area in the cascade from Fig. 7. Relatively, the
shape of corner region predicted by V2F is a little different
from experiment. Fig. 8(b) shows that the pitchwise mass-
averaged total pressure loss exhibits the same trend. The total
pressure loss from SKW, SST and SA model is obviously
higher than that from experiment near the endwall.Fig. 10 Relative displacement thickness at 0 incidence.
Fig. 11 Contour of normal ReynThe pitchwise mass-averaged total pressure losses at 7
and 0 incidences are shown in Fig. 8. When the cascade works
at 7 incidence, the corner separation region is not obvious
and these turbulence models except for the SKW model can
provide reasonable results. The total pressure loss from
SKW model is a little higher than the experiment. When the
incidence reaches at 0, the corner separation appears and
the discrepancies in the seven RANS results are obvious. Com-
pared with the total pressure loss contour shown in Fig. 7, the
results of SA, SKW and SST model are much higher than that
of the experiment. The trend is the same in the outflow angle
shown in Fig. 9. The results of outflow angle show that
SKE, RKE, V2F and RSM models are close to that of the
experiment, whereas the SA, SKW and SST models display
obviously larger outflow angle than that of the experiment at
0 incidence.
The relative displacement thickness predicted by SKE,
RKE and RSM models show good consistency with the exper-
imental results and the RSM model is the best. V2F model
shows similar trend and reasonably good qualitative agree-
ment with the measurement. Given that the SKW, SST and
SA models predict a larger separating area at the corner
region, the lines of relative displacement thickness rapidly
increase and the trend of lines is different from the experiment
shown in Fig. 10.olds stress w0w0 at 0 incidence.
648 Y. Liu et al.3.2. Turbulence characteristic analysis
The RANS approach requires that the Reynolds stresses are
appropriately modeled in turbulence models. Except for
RSM model, the other six turbulence models used in this study
employ the Boussinesq hypothesis to relate the Reynolds stres-
ses to the mean velocity gradients (referring to Eq. (3)), also
called linear eddy viscosity turbulence models. If a turbulence
model can predict Reynolds stress accurately, it will provide
reasonable mean results on turbulence flow field. Moreover,
turbulence characteristics, like turbulence viscosity and turbu-
lent anisotropy, are considered differently in these turbulence
models. Analyzing the results of turbulent characteristics is
helpful to get more information about the performance of
these turbulence models and can contribute to the modification
of the turbulence models.
Fig. 11 indicates that the Reynolds stress must be high at
the corner region because the velocity fluctuation is obvious
in this region. The streamwise normal stress w0w0 shows the
high-valued region at the corner in the seven turbulence mod-
els. This indicates that the streamwise velocity fluctuation isFig. 12 Contour of shear Reynohighly distinct at the corner separating region. However, the
high-valued areas of w0w0 in these turbulence models are quite
different. The w0w0 high-valued areas in RSM, SKE, RKE and
V2F models are small and locate near the blade suction sur-
face. By contrast, the high-valued area in SKW, SST and SA
models are large and gradually move away from the blade suc-
tion surface. This phenomenon shows that these three models
over predict the corner separation region and estimate stronger
streamwise velocity fluctuation. The distributions of spanwise
and pitchwise normal stress u0u0 and v0v0 (not shown here)
are similar to those of w0w0. It can be found that
w0w0  1:5u0u0 ¼ 1:5v0v0. Compared with the shear stress shown
in Fig. 12, normal stress gives mainly contribution to the tur-
bulence fluctuation because the scale of normal stress is signif-
icantly higher than that of shear stress.
Fig. 12 demonstrates that the Reynolds shear stress u0v0
reveals different distributions in the seven turbulence models.
The high-valued areas of shear stress in V2F, SKE, RKE
and RSM models are small and close to the endwall. This
observation provides a vivid contrast to the results of SA,
SKW and SST models. Two high-valued shear stress regionslds stress u0v0 at 0 incidence.
Fig. 13 Contour of turbulence viscosity at 0 incidence.
Numerical study of corner separation in a linear compressor cascade using various turbulence models 649are observed in SKW model. This indicates that the shear
stress is very active at the corner separating region. One shear
stress core near the endwall is negative, whereas the other is
positive. The high-valued shear stress regions in SST model
and SA model are very distinct and the location of shear stress
core is located away from suction surface of the blade. The
distribution of the other two Reynolds shear stress v0w0 and
u0w0 (not shown here) are similar to that of u0v0 and it is found
v0w0  4u0v0  2u0w0.
The preceding analysis verifies that SA, SKW and SST
models overestimate the corner separation in the PVD cascade.
The turbulent viscosity of these models is significantly larger
than the results of V2F, SKE, RKE and RSM models shown
in Fig. 13. This finding is consistent with the analysis of Rey-
nolds stress. When the Reynolds stress at corner region is
higher, the velocity fluctuation is stronger, which in turn leads
to high turbulence viscosity.
Another important turbulent characteristic is turbulent ani-
sotropy, which is hardly to be considered correctly in the linear
eddy viscosity turbulence models. It may be one reason why
the linear eddy viscosity turbulence models could not predict
corner separation correctly. As the turbulence models predict
different Reynolds stress distributions in corner separationregion, the predicted turbulent anisotropy should be different.
The analysis of turbulent anisotropy in the corner region can
provide information on assessing the performance of these tur-
bulence models.
The Lumley triangle47 is proven to be a useful tool to study
turbulent anisotropy. Lumley found the turbulent anisotropy
can be derived from Reynolds stress tensor (u0iu
0
j) by subtract-
ing the isotropic part (s0ij) which is
s0ij ¼ u0iu0j 
1
3
u0ku
0
kdij ð38Þ
The non-dimensional form of the anisotropy tensor bij is
given by
bij ¼
u0iu
0
j
u0ku
0
k
 1
3
dij ð39Þ
The tensor bij has three scalar invariants. For incompress-
ible flows the first invariant equals 0, the second invariant (g)
and third invariant (n) are expressed as
6g2 ¼ bijbji ð40Þ
6n3 ¼ bijbjkbki ð41Þ
Fig. 14 Anisotropy invariant map at 0 incidence.
650 Y. Liu et al.The state of turbulence in a flow can be displayed with
respect to its anisotropy by cross-plotting g and n. The g and
n invariants should settle in a triangle map for real physical
turbulence flow. The left line of triangle describes axisymmet-
ric turbulence in which one direction of velocity fluctuations is
weaker than the other two. This is referred to as ‘‘disklike”
type of turbulence. In contrast, the right line of triangle is
characterized by one fluctuating component which dominates
over the other two. It is called ‘‘rodlike” turbulence. The curve
edge of the triangle represents 2D turbulence. Turbulence
tends to be isotropic when the point is close to the original
point.
In this study, the invariants g and n are calculated from the
line extracted in the corner region as shown in Fig. 14(a).
The distribution of the points is shown below. The points in
the RSM model gather near the right lines of the triangle
which indicate that the turbulence type is ‘‘rodlike”. The point
distribution in SKE and SKW models varies from each other.
The points in SKE model are located along the left line of the
triangle, whereas those in the SKW develop along the right
line. The turbulence type is ‘‘disklike” in the SKE model and
it is ‘‘rodlike” in SKW model. The result of RKE model is sim-ilar to the results of SKE model. Points in V2F model move
away from the origin point along the left line and then return
close to the origin point. This indicates the turbulence tends to
be anisotropic firstly and turns to be isotropic at the end. The
results of RSM, SKE, RKE, SKW and V2F models are along
the right or the left line of the triangle and turbulence types are
axisymmetric. By contrast, the points in the SST model scatter
within the triangle, thus the turbulence is considered anisotro-
pic in the results of the SST model.4. Conclusions
In this study, numerical study of corner separation in a linear
highly loaded PVD compressor cascade has been investigated
using seven frequently used turbulence models in FLUENT.
The computational results of seven turbulence models, includ-
ing Spalart–Allmaras model, standard k–e model, realizable k–
e model, standard k–x model, shear stress transport k–x
model, v2–f model and the Reynolds stress model, are carefully
discussed and analyzed with published experimental data. The
conclusions are drawn as follows:
Numerical study of corner separation in a linear compressor cascade using various turbulence models 651(1) In the steady simulations, all the RANS approaches pre-
dict various scales and topologies for 3D corner separa-
tion region. At 7 incidence, the corner separation flow
is weak in the cascade and these seven turbulence models
except standard k–x model can provide satisfactory
results on mean flow. At 0 incidence, 3D corner separa-
tion gets strong, the discrepancies in these RANS mod-
els become obvious. Among these models, the standard
k–e model, realizable k–e model, v2–f model and the
Reynolds stress model can still predict reasonable results
on the mean flow, and the Reynolds stress model shows
best performance; whereas the Spalart–Allmaras model,
standard k–x model and shear stress transport k–x
model overestimate the corner separation.
(2) The distribution of Reynolds stress is quite different
among the results of various turbulence models. Normal
Reynolds stress significantly contributes to velocity fluc-
tuation. Three components of the shear stresses are not
in the same magnitude. The Spalart–Allmaras model,
standard k–x model and shear stress transport k–x
model overestimate the Reynolds stress at the corner
region. By contrast, the other turbulence models can
provide relatively reasonable results.
(3) Turbulence anisotropy is explored in the study. In the
corner region, the turbulence becomes more anisotropic
with the development of corner separation. The stan-
dard k–e model, realizable k–e model, standard k–x
model, v2–f model and Reynolds stress model are along
the left line or the right line of the Lumley triangle and
this indicates that turbulence type is axisymmetric ‘‘dis-
like” or ‘‘rodlike”, whereas the points in shear stress
transport k–x model are scattered in the triangle. The
turbulence anisotropy for modifying turbulence models
needs further study in corner separation.
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